r Maternal obesity (MO) and exposure to a high-fat, high-simple-carbohydrate diet during pregnancy predisposes offspring to obesity, metabolic and cardiovascular disorders in later life.
Introduction
The incidence of obesity and overweight has reached epidemic proportions in the developed world, with approximately 64% of women of childbearing age in the USA being overweight (BMI = 25-30 kg m −2 ) or obese (BMI ࣙ30 kg m −2 ) (Wilson & Messaoudi, 2015) . Both an obesogenic nutritional environment and a sedentary lifestyle contribute to the risk of developing obesity. A growing body of evidence links early life nutritional adversity to development of long-term metabolic disorders (Li et al. 2011; Regnault et al. 2013) . Therefore, early life exposure of offspring to environmental stimuli, including altered nutrition during critical periods of development, can program alterations in organogenesis, tissue development and metabolism, predisposing offspring to obesity, metabolic and cardiovascular disorders in later life (Segovia, 2014; Carreras-Badosa et al. 2017) . In particular, the increasing prevalence of maternal obesity (MO) and excess maternal weight gain has been associated with additional risk of obesity in offspring (Nathanielsz et al. 2007) . A number of studies have focused on maternal nutrition restriction and health outcomes (Armitage et al. 2004; Cox et al. 2006; Pereira et al. 2015) ; however, the majority of our population is experiencing an environment of caloric excess, and the increase in MO is a major cause of concern for the health of offspring from these pregnancies (McCurdy et al. 2009 ).
Human epidemiological evidence (Boerschmann et al. 2010; Krishnaveni et al. 2010; Mills et al. 2010; Gaillard 2015) and data from carefully controlled animal studies (Armitage et al. 2004; Alfradhi & Ozanne, 2011; Zambrano & Nathanielsz, 2013) have demonstrated that MO has long-term consequences for offspring, predisposing or 'programming' them to develop cardiometabolic disease in adulthood. MO-induced developmental programming has been validated in mouse, rat, sheep and non-human primates (NHPs) (Shankar et al. 2008; McCurdy et al. 2009; Long et al. 2012; Cox et al. 2013; Maloyan et al. 2013) .
In the light of these studies, we hypothesized that MO would induce epigenetic changes in fetal baboon (Papio hamadryas) liver resulting in dysregulation of key metabolic pathways that impact lipid metabolism. The baboon is a well-characterized animal model sharing many physiological, metabolic and genetic characteristics with humans (Penfold & Ozanne, 2015) , allowing direct translation of findings to human pregnancy.
Fetal liver development during MO programming is a central metabolic regulator and thus important for understanding the role of adverse maternal nutrition on offspring life course health. One study on fetal Japanese macaques (130 days' gestation) revealed that maternal exposure to a chronic high-fat diet influences lipid accumulation in the liver, oxidative stress and apoptosis (McCurdy et al. 2009 ). Heerwagen et al. (2013) demonstrated that fetuses of obese dams had higher fatty liver triacylglycerol deposition than lean dams at embryonic day 18.5 in mice.
Emerging evidence indicates that microRNAs (miRNAs) are major regulators of gene expression and key players in control of various metabolic processes and diseases (Bartel, 2004; Maloyan et al. 2013) . miRNAs are a class of small (18-25 nucleotides) non-coding RNA molecules identified as epigenetic regulators in the transduction of MO into metabolic outcomes in the offspring (Benatti et al. 2014; Nicholas et al. 2016) . Several authors have reported altered expression of placental miRNAs associated with adverse pregnancy conditions such as preeclampsia (Hromadnikova et al. 2013; Li et al. 2013) and intrauterine growth restriction (Hromadnikova et al. 2013) , MO with pre-and post-natal growth (Segovia 2014) , gestational hypertension (Hromadnikova et al. 2013) and congenital heart defects (Zhu et al. 2013) . Maloyan et al. (2013) reported significant alterations in cardiac miRNA expression in fetuses of obese baboons. Recently, Tessitore et al. (2016) and Tian et al. (2016) identified epigenetic dysregulation of Wnt//β-catenin in the development of non-alcoholic fatty liver disease (NAFLD)-associated hepatocellular carcinoma.
To date, only targeted gene expression analysis (qRT-PCR and immunohistochemistry) has been performed in fetal livers of NHPs (McCurdy et al. 2009 ), but underlying molecular pathways and potential epigenetic changes due to miRNA were not identified. To our knowledge, no studies have been performed to explore the association of dysregulated miRNAs and the genes they regulate in fetal liver with obese mothers. This is the first study where unbiased transcriptome analysis, including gene expression and miRNA expression, has been used to identify potential miRNA epigenetic regulators of metabolic disruption in NHP fetal MO livers.
Methods

Ethical approval
All animal procedures were approved by the Texas Biomedical Research Institute (TBRI) Institutional Animal Care and Use Committee (IACUC) and conducted in Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) international-approved facilities. The present work complies with the animal ethical principles of The Journal of Physiology and Grundy's (2015) checklist.
Animal model
Baboons were maintained in groups of up to 16 in custom-built outdoor facilities allowing full socialization and free movement. Healthy, non-pregnant female nulliparous baboons of similar weight, body dimensions and age were randomly assigned to either an ad libitum regular/normal diet (RD) (n = 6) or an ad libitum combination of the RD and high-fat/high-fructose diet (HFD) with free access to a sugar-containing drink (Kool Aid) (n = 5) at least 9 months before pregnancy . Recording of individual measurements and other related information is described elsewhere (Maloyan et al. 2013; Schlabritz-Loutsevitch et al. 2004) .
The basic composition of RD was 12% energy from fat, 0.29% from glucose and 0.32% from fructose with an energy content of 3.07 kcal g −1 (Purina Monkey Diet, Purina LabDiets, St Louis, MO, USA). The basic composition of HFD was 45% energy from fat, 4.62% from glucose, 5.64% from fructose and 2.32% from sucrose, with an energy content of 4.03 kcal g −1 . Protein, all essential minerals and vitamins were equalized for the RD and HFD regimens. The dietary regimens were maintained throughout pregnancy.
Caesarean sections and tissue collection
Pregnant baboons underwent Caesarean section at 165 days of gestation (0.9 gestation (G); term ß184 days) to obtain the fetal liver samples. Caesarean sections/ necropsies were performed using a standard sterile surgical technique (Schlabritz-Loutsevitch et al. 2004) . Briefly, baboons were pre-medicated with ketamine hydrochloride (10 mg kg −1 I.M.), intubated and maintained at a surgical plane of anaesthesia with isoflurane (2%) throughout surgery (Schlabritz-Loutsevitch et al. 2004) . The only change from previous published procedures was that after hysterotomy, the umbilical cord was identified and then used for fetal exsanguination with maternal and fetal baboon under general anaesthesia as approved by the American Veterinary Medical Association Panel on Euthanasia. This change has been made since we have demonstrated fewer tissue artefacts following exsanguination than following administration of euthanasia solutions, which produce marked histological changes, especially in the liver (Grieves et al. 2008) . Morphometric measurements were collected and tissue samples obtained immediately after the placenta and fetus were removed from the uterus. The right lobe of the fetal liver was immediately snap frozen in liquid nitrogen and stored at −80°C. The fetal liver samples obtained from mothers fed RD were called experimental control fetal liver samples. The fetal liver samples obtained from mothers fed HFD were called MO fetal liver samples. Buprenorphine hydrochloride (buprenorphine HCl injection; Hospira, Inc., Lake Forest, IL, USA), 0.015 mg kg day −1 split as two doses for 3 days, was administered for postoperative maternal analgesia (Schlabritz-Loutsevitch et al. 2004) . After recovery from anaesthesia, baboons were individually caged for the initial post-operative period and then group-housed for 90 days with a vasectomized male to prevent pregnancy before the surgical site was totally healed.
RNA isolation from tissue
Total RNA was isolated from fetal livers (control (CON) = 6, 3 males and 3 females; MO = 5, 2 males and 3 females) using TRI Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Genomic DNA in the sample was sheared by passing the homogenate several times through a 22-gauge needle attached to a 1 ml syringe. The homogenized samples were incubated for 5 min at 25°C. To each sample, 200 μl of chloroform was added, and the samples were shaken vigorously by hand for 15 s and incubated at 25°C for 3 min. Samples were then centrifuged at 4°C and 14,000 g for 10 min. The aqueous phase containing RNA was transferred to a fresh tube and one volume 70% ethanol was mixed thoroughly with the sample. This mix was cleaned and concentrated with the Qiagen RNeasy MinElute spin column kit (Qiagen, Germantown, MD, USA). The RNA was resuspended in 30 μl RNase-free water and stored at −80°C. RNA integrity and concentration were determined by an Agilent 2100 Bioanalyzer and UV-Vis Spectrophotometer (Nanodrop 2000), respectively (Agilent Technologies, Santa Clara, CA, USA).
Total RNA, including small RNAs, was isolated from the same tissue samples described above using Qiazol Lysis Reagent according to the manufacturer's instructions (Qiagen). Briefly, approximately 5 mg of frozen liver was homogenized in 1 ml Qiazol Lysis Reagent using a BioSpec (Bartlesville, OK, USA) BeadBeater with 1 × 6.35 mm J Physiol 596.23 stainless steel beads for three 30 s cycles with a 15 s pause between cycles. The homogenized samples were incubated for 5 min at 25°C and centrifuged through a Qiashredder tube (Qiagen) at 17,000 g for 2 min. To each sample, 200 μl of chloroform was added, and the samples were shaken vigorously by hand for 15 s and incubated at 25°C for 3 min. Samples were then centrifuged at 4°C and 14,000 g for 15 min. The aqueous phase containing RNA was transferred to a fresh tube and 1.5 volumes 100% ethanol was mixed thoroughly with the sample. This mix was cleaned and concentrated with the Qiagen RNeasy Mini spin column kit. The RNA was resuspended in 60 μl RNase free water and stored at −80°C. RNA integrity and concentration were determined as detailed above.
Quantification of gene expression
Complementary RNA (cRNA) was synthesized from total RNA using the Illumina total prep 96 RNA Amplification Kit (Illumina, Inc., San Diego, CA, USA). Individual cRNA samples were used to interrogate each BeadChip (human HT-12 v3) (CON = 6, 3 males and 3 females; MO = 5, 2 males and 3 females) as described (Shi et al. 2012) . Gene expression data were processed and analysed using GenomeStudio (Illumina) and GeneSifter (Perkin Elmer, Waltham, MA, USA) as detailed in Shi et al. (2012) and Kerr et al. (2000) (GEO accession no: GSE99718) (Supporting information, Supplementary Table S1 ).
Quantification of miRNA expression
Small RNA sequencing libraries were prepared using the Illumina Truseq Small RNA Sample Prep Kit. Each library included a bar code adapter and libraries were pooled after cDNA synthesis. cDNA libraries were used for cluster generation on Illumina's Cluster Station and sequenced using the Illumina GAIIx sequencer. Raw sequence reads were obtained using Illumina's Pipeline v1.5 software following sequencing image analysis by the Pipeline Firecrest Module and base calling by the Pipeline Bustard Module. The extracted sequence reads were normalized, annotated and abundance determined using mirDeep2 (Friedländer et al. 2012 ) (GEO accession no: GSE99718) (Supporting information, Supplementary Table S2 ).
Pathway analysis
Differently expressed genes were overlaid onto gene ontological (GO) (Ashburner et al. 2000) pathways and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al. 2004 ) pathways using GeneSifter.
We used an unbiased end-of-pathway gene expression approach to identify pathways dysregulated in MO baboon fetal liver that were likely relevant to the MO phenotype. We hypothesized that a pathway may only be relevant to the liver phenotype if gene expression profiles at the end of the pathway were consistent with the overall pathway change. Furthermore, if there were no differentially expressed genes at the end of a pathway, that pathway was not considered relevant to the phenotype (Nijland et al. 2007 ). After we found gene expression profiles at the end of the pathway that were consistent with the overall pathway change, we investigated pathways downstream of each of these pathways (Nijland et al. 2007) .
MicroRNA Target Filter Analysis in IPA (Ingenuity R Pathway Analysis, Qiagen) was used to integrate miRNA expression with gene expression to search for miRNAs that regulate differentially expressed genes in KEGG pathways that passed the end-of-pathway analysis. The analysis used TargetScan human and Ingenuity Expert Findings from moderate and high confidence predicted sources as filters. We further prioritized identifying the miRNAs that exhibited differential expression (P ࣘ 0.05) and showed inverse expression with the targeted mRNAs.
Histological analyses
Frozen fetal liver tissues (CON, n = 16, 8 males and 8 females; MO, n = 16, 8 males and 8 females) were cut into 5 μm sections, simultaneously thawed and fixed in 10% neutral buffered formalin, stained with Oil Red O (ORO) for lipid content and counterstained with haematoxylin. Periodic acid-Schiff (PAS) stain was used to detect glycogen on fixed liver tissue. Lipid and glycogen contents in fetal livers were quantified using the Computer Assisted Stereology Toolbox (CAST) 2.0 system (Visiopharm, Ballerup, Denmark) coupled with an Olympus BX61 microscope (Olympus Corporation of the Americas, Center Valley, PA, USA). Utilizing this stereology approach (Mandarimde-Lacerda 2003, we calculated the percentage area of ORO-stained liver tissues through the use of lines and points. One liver section from each animal was used to quantify lipid content. On average, we analysed 48 fields per slide with each field selected randomly from the whole section using CAST-directed sampling. In each field, point counting of total fetal liver tissue was performed at the magnification of ×40 to calculate the percentage area of lipid component; 180 points were inserted in each field and an average of 8028 points were used per slide. Cell percentage areas within each liver section were calculated using the following formula: (CP/TP) × 100, where CP is points that hit specified liver cells and TP is total liver points (Quinn et al. 2012 , Guardado et al. 2009 ).
In addition, an experienced hepatopathologist evaluated the ORO-, haematoxylin and eosin (H&E)-, Mason trichrome-, and PAS-stained liver slides. The hepatopathologist was blinded to the identity of the condition of the groups (CON and MO). The Kleiner scoring system was used to assess the degree of steatosis (Kleiner et al. 2005) . The ORO-and H&E-stained slides were used for assessing degree of steatosis in fetal livers. Individual scoring and categorization of steatosis in fetal liver was evaluated on the following features based on ORO%: steatosis (grade 0 (<5%), grade 1 (5-33%), grade 2 (34-66%), or grade 4 (67-100%)) of the examined liver tissue at ×40 magnification. Other histological features of liver injury seen with NAFLD were also assessed including lobular and portal inflammation, hepatocyte ballooning and fibrosis.
Statistical analysis
Array data were all-median normalized and log 2 transformed using GeneSifter software. Statistical analyses of array data were performed by Student's unpaired t test using GeneSifter software. We did not find significant differences between the sexes and so we pooled the data from male and female fetuses within the dietary treatment groups (CON and MO) for the analysis.
Histological lipid and glycogen content data are expressed as means ± SEM. Lipid and glycogen differences between CON and MO groups were performed by unpaired t test using Prism 7 (GraphPad Software, La Jolla, CA, USA). Fetal and maternal morphometric and clinical data are expressed as means ± SEM and the differences between CON and MO were performed by unpaired t test using Prism 7. P < 0.05 was considered statistically significant.
Results
Weight and clinical measures during pre-pregnancy period
Prior to pregnancy, weight gain was significantly higher (P < 0.001) in the MO mothers fed HFD than CON fed RD . During pre-pregnancy, the dams fed HFD showed greater waist-hip circumferences, higher plasma low density lipoprotein (LDL)-cholesterol and triglyceride concentrations, and a greater percentage of body fat (P < 0.05) than age matched CON .
Weight changes during pregnancy
Baseline body weight was higher (P < 0.05) in MO than CON mothers (Table 1) . During pregnancy, weight gain in CON mothers fed RD was greater than MO (P < 0.05) mothers fed HFD (Table 1) . Data are means ± SEM; CON, n = 16; MO, n = 16. 0.9G. MO dams exhibited significantly greater blood triglycerides (P = 0.03), glucose (P = 0.02) and insulin (P = 0.01) concentrations compared with CON dams. Fetuses of MO dams exhibited significantly increased blood insulin concentrations compared to CON (P = 0.03), with no differences in other fetal clinical measures (Table 2) . We did not find sex differences for the fetal morphometrics and clinical measures in plasma samples.
Maternal and fetal blood measures at 0.9G
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Gene expression profiling
Pairwise comparisons showed 933 differentially expressed genes between MO and CON fetal liver samples at 0.9G: 350 genes were up-regulated and 583 were downregulated in MO compared with CON livers. Graphical representation of this analysis provides an overall view of the variation within groups and between groups for this dataset. No significant differences were observed between the differentially expressed genes between the sexes. Differentially expressed genes were overlaid onto KEGG pathways to identify up-regulated and down-regulated biological pathways between MO and CON fetal livers. Table 3 lists the 11 pathways that were up-regulated and 29 pathways that were down-regulated. Included in Table 3 are the number of differentially expressed genes, the number of up-regulated genes, the number of down-regulated genes, the total number of genes in that pathway that were detected with a quality signal using baboon cRNA on the human gene array, and the z-score (greater than 2.0 or less than −2.0) for the listed pathway.
The end-of-pathway analysis revealed five pathways in which gene expression at the end of the pathway was consistent with the overall pathway changes in MO compared with CON fetal livers. Of the five pathways, the tricarboxylic acid (TCA) cycle, proteasome, oxidative phosphorylation and glycolysis/gluconeogenesis were down-regulated, and Wnt/β-catenin signalling was up-regulated in MO compared with CON fetal livers.
In the TCA cycle, dihydrolipoamide S-succinyltransferase (DLST), dihydrolipoamide dehydrogenase (DLD), succinate-coA ligase ADP-forming β-subunit (SUCLA2) and oxoglutarate dehydrogenase (OGDH) were down-regulated (Table 4) . This end-of-pathway analysis expression of DLST, DLD, SUCLA2 and OGDH genes is consistent with the overall pathway activity of the tricarboxylic acid cycle.
The end-of-pathway analysis of the proteasome pathway showed expression of four genes (Table 4) , proteasome 26S subunit ATPase 5 (PSMC5), proteasome 26S subunit ATPase 1 (PSMC1), proteasome 26S subunit ATPase 1 (PSMD6) and thimet oligopeptidase 1 (THOP1), to be down-regulated. The changed expression of these genes is consistent with the down-regulation of activity of the proteasome pathway.
In the oxidative phosphorylation, gene expression of NADH:ubiquinone oxidoreductase subunit B3 (NDUFB3), NADH:ubiquinone oxidoreductase core subunit B2 (NDUFB2), succinate dehydrogenase complex flavoprotein subunit A (SDHA), cytochrome c oxidase subunit 6B2 (COX6B2) and ATP synthase (ATP5L) was down-regulated (Table 4) , consistent with downregulation of the oxidative phosphorylation pathway.
The end-of-pathway analysis of the glycolysis/ gluconeogenesis pathway showed pyruvate dehydrogenase (lipoamide) α 1 (PDHA1) and pyruvate kinase (PKLR) gene expression to be down-regulated (Table 4) , and these end-of-pathway expression changes are consistent with the overall down-regulation pathway activity.
In the Wnt/β-catenin signalling pathway, peroxisome proliferator-activated δ (PPARδ) was up-regulated (Table 4) . This changed end-of-pathway expression of PPARδ is consistent with increased overall pathway activity. Along with the above-mentioned pathways, it is interesting to note here that the cysteine and methionine metabolism pathway is down-regulated in our study, which is critical for important metabolic processes involved in developmental programming during pregnancy .
miRNA inversely expressed with target genes
We identified 67 miRNAs that were differentially expressed (P < 0.05) between CON and MO fetal livers. Of these 49 miRNAs were predicted to target 543 genes. We used miRNA target filter in IPA to search for targets that regulate differentially expressed genes in TCA cycle, proteasome, oxidative phosphorylation, glycolysis and Wnt/β-catenin signalling pathways. A total of 31 miRNAs targeting 34 mRNAs were filtered based on Targetscan human and ingenuity expert findings and predicted confidence sources. To further prioritize the genes, we identified those targeted by miRNAs that exhibited differential expression and showed inverse expression between the targeted genes and miRNAs. As a result, we identified 11 miRNAs targeting 13 genes in these pathways. Differential expression of genes and the corresponding targeting miRNAs are shown in Table 5 .
We found three TCA cycle genes differentially expressed in MO are targeted by three differentially expressed miRNAs, and these miRNAs were inversely expressed with their target genes. For example, miR-130a-3p is predicted to target DLD, miR-186-5p is predicted to target SUCLA2, and miR-96-5p is predicted to target OGDH (Table 5) .
A total of five differentially expressed proteasome pathway genes in MO were targeted by four differentially expressed miRNAs, and these miRNAs were inversely expressed with their target genes. For example, miR130a-3p is predicted to target UBC and THOP1, miR-143-3p is predicted to target PSMD5, and miR-1285-3p is predicted to target PSMC1, PSMD6 and THOP1 (Table 5) .
We found two oxidative phosphorylation pathway genes differentially expressed in MO were targeted by two differentially expressed miRNAs and these miRNAs were inversely expressed with their target genes. For 'Up pathways' denote KEGG pathways that are significantly up-regulated in MO compared with CON samples. 'Down pathways' denote KEGG pathways that are significantly down-regulated in MO compared with CON samples. 'Diff genes' denotes the total number of differentially expressed genes between CON and MO fetal liver RNA on the array. 'Up' denotes the number of genes up-regulated in MO compared with CON. 'Down' denotes the number of genes down-regulated in MO compared with CON. 'Array' denotes the total number of genes in this pathway that are included on the array and give a signal with baboon RNA. 'z-score' denotes the z-score for the list pathway. GnRH, gonadotropin-releasing hormone.
example, miR-199a-5p is predicted to target NDUFS2 and miR-182-5p is predicted to target ATP5L. Lastly, we found the TPI1 gene from the glycolysis pathway to be targeted by miR-1285-3p, which is inversely expressed in response to MO (Table 5) .
Two miRNAs targeted the PPARδ and SMAD4 genes in the Wnt/β-catenin signalling pathway. For example, the PPARδ gene is up-regulated in response to MO and is targeted by miR-185-5p and miR-194-3p, which are down-regulated in response to MO. SMAD4, which J Physiol 596.23 is down-regulated in response to MO, is targeted by miR-145-3p and miR-183-5p miRNAs, which are upregulated in response to MO (Table 5) .
Fetal liver lipid and glycogen content
The MO fetal livers showed three-fold more hepatic lipid accumulation than the CON fetal livers (P = 0.02) (Fig. 1) . Hepatic glycogen content showed a marginal decrease in MO fetal livers compared with CON (P = 0.09) (Fig. 2) .
Histological assessment
In the present study, the control fetal livers showed mild steatosis (8 out of 16; 50%) but did not progress to severe steatosis (Table 6 ). However, in MO fetal livers, 11 out of 16 MO slides (68.7%) progressed to severe steatosis (Table 6) . Overall, 56.2% (9/16) of MO fetal livers showed severe steatosis (Table 6 ). We found a significant (P < 0.0001) correlation (r = 69%) between ORO lipid content and steatosis score but no significant correlation was found between liver weight and steatosis score. Other features of liver injury in NAFLD including lobular and portal inflammation, hepatocyte ballooning and fibrosis were absent in both groups.
Discussion
The aim of this study was to examine the molecular mechanisms by which MO impacts the developing fetal primate liver. There is increasing evidence that MO and/or consumption of an unhealthy diet by the mother during pregnancy adversely affects the long-term offspring health in rodents (Zambrano et al. 2010; Alfaradhi et al. 2014) , sheep (Long et al. 2012; Shasa et al. 2015) , NHPs (Grant et al. 2011) and humans (Gillman et al. 2008 , Gaillard, 2015 . The present study used the baboon as a model of MO with dams fed a high-fat, high-fructose diet before and during pregnancy. Compared to CON dams, MO dams exhibited greater waist circumference and hip circumference, dyslipidaemia (elevated LDL-cholesterol and triglycerides (TGs)), and greater percentage body fat. In addition fetal methionine, glycine, serine and taurine were lower in the fetuses of MO mothers, showing dysregulation of methionine function . To our knowledge, this is the first NHP study of MO fetal livers using unbiased transcriptome analysis to quantify gene expression, identify dysregulated signalling pathways and identify potential miRNA epigenetic regulators of metabolic disruption.
We found evidence that MO impacts the fetal liver through pathways central to metabolism with dysregulation of TCA cycle, proteasome, oxidative phosphorylation, glycolysis and Wnt/β-catenin signalling pathways. These well-characterized, interconnected pathways have been shown to be important for liver metabolic function (Liu et al. 2011) . The TCA cycle and oxidative phosphorylation result in oxidation of nutrients to produce energy in the form of ATP. The proteasome is a multi-catalytic enzyme complex that plays an important role in degradation of both normal and damaged proteins (Tomaru et al. 2012) . Proteasomes regulate many essential cellular processes, including proliferation, cell cycle, gene transcription, apoptosis, antioxidant responses and immune function (Coux et al. 1996) . The Wnt/β-catenin signalling pathway plays an important role in development, tissue homeostasis, oxidative stress, hepatic fibrosis and hepatocellular carcinoma (Thompson & Monga, 2007; Garcia-Ruiz et al. 2014) . In liver, the stability of β-catenin is regulated by the ubiquitin-proteasome pathway (Zhou et al. 2014) . Precise control of protein degradation by the ubiquitin-proteasome system is critical for signal transduction, transcriptional regulation, response to stress and receptor function (Aberle et al. 1997) . Degradation of β-catenin by the ubiquitin-proteasome pathway regulates turnover of β-catenin and affects multiple aspects of hepatic lipid metabolism, including fatty acid oxidation, ketogenesis and lipogenesis (Geng et al. 2012) .
To provide support for dysregulation of key metabolic pathways, and identify potential epigenetic mechanisms responsible for dysregulation of these pathways, we used unbiased methods to quantify miRNAs and identify those inversely expressed with predicted target genes in the pathways. We found the following miRNAs: miR-130a-3p, miR-186-5p and miR-96, which play roles in the regulation of insulin sensitivity, liver steatosis (Jin et al. 2009; Xiao et al. 2014 ) and cholesterol metabolism (Wang et al. 2016) and are predicted to target the TCA cycle genes DLD, SUCLA2 and OGDH; miR-130a-3p, miR-143-3p and miR-1285-3p , which are predicted to target genes UBC, PSMD5, PSMC1, THOP1 and PSMD1 in the proteasome pathway; miR-199a-5p and miR-182-5p, which are associated with progression of liver fibrosis (Liu et al. 2015 , Murakami et al. 2011 Ceccarelli et al. 2013) and target oxidative phosphorylation genes NDUFS2 and ATP5L; miR-1285-3p, which targets TPI1 and is associated with hepatic insulin sensitivity and liver steatosis in db/db mice (Behari et al. 2014); miR-185-5p and miR-194-3p , which target PPARδ in the Wnt/β-catenin signalling pathway, which plays an important role in lipid metabolism in mice (Leti et al. 2015) and hepatic fibrosis in rats ; and miR-145-3p and miR-183-5p target SMAD4 in the Wnt/β-catenin signalling pathway, and are known to regulate hepatic cell proliferation and differentiation (Venugopal et al. 2010; Wojcicka et al. 2014; Tian et al. 2016) . These fetal hepatic miRNA-gene interactions suggest that MO influences these interconnected pathways regulating cell proliferation, liver steatosis, hepatic fibrosis and lipid metabolism through epigenetic mechanisms. Based on our findings that pathways central to lipid and glucose metabolism were altered by MO, we quantified lipid and glycogen content in an expanded cohort of CON and MO fetal livers. We found a three-fold increase in lipid content in MO fetal livers, demonstrating that MO results in lipid accumulation in the NHP fetal liver consistent with studies in Japanese macaques (McCurdy et al. 2009 ) and mice (Goeppert et al. 2010) . Using targeted qRT-PCR and immunohistochemistry, McCurdy et al. (2009) demonstrated that macaque dams exposed to a chronic high-fat diet during pregnancy showed increased gene expression of four key enzymes associated with gluconeogenesis in fetal liver. In addition, they showed increased abundance of hepatic oxidative stress markers and TGs. It has been suggested that MO results in excess exposure of the fetal liver to TGs, lipids and adipokines causing alterations in gene expression that up-regulate lipogenesis and down-regulate lipolysis, contributing to hepatic lipid accumulation and inflammation (Segovia 2014) .
In addition to lipid accumulation, our study shows that in utero exposure to MO leads to severe steatosis in the fetal liver that has not progressed to NASH or fibrosis. McCurdy et al. (2009) demonstrated that third trimester fetal Japanese macaque from MO pregnancies showed signs of NAFLD, including hepatic inflammation, oxidative stress and/or damage, TG accumulation and premature gluconeogenic gene activation. Bruce et al. (2009) provided evidence that maternal fat intake contributes to the development of NAFLD in adult mouse offspring. Brumbaugh and Friedman (2014) and McCurdy et al. (2009) is not simply an early manifestation of NAFLD but also an independent pathophysiological event that leads to progressive fatty liver disease in later life (McCurdy et al. 2009; Brumbaugh & Friedman 2014) . Our results showing increased lipid accumulation in MO baboon fetal liver suggest that these offspring are on an early trajectory to develop NAFLD and NASH. Our finding of increased Wnt/β-catenin signalling differs from studies of adult livers in animal models. One study demonstrated a link between Wnt/β-catenin signalling and lipid accumulation using liver-specific β-catenin knockout mice (Behari et al. 2014) . Another study using obese Zucker male rats found decreased Wnt/β-catenin signalling and 3.3-fold increased lipid levels in the livers of obese compared to control rats (Zhou et al. 2014 ). However, these rodent studies are based on immunohistochemistry of postnatal livers, so it is not clear whether our observation of increased Wnt/β-catenin signalling is due to species differences between rodents and primates, or differences in fetal versus postnatal livers.
In summary, our study shows that fetal exposure to the MO intrauterine environment results in dysregulation of fetal hepatic genes central to metabolism including TCA cycle, proteasome function, oxidative stress, glycolysis and Wnt/β-catenin signalling. These findings were further supported by identification of miRNAs that were inversely expressed with key genes in these pathways that have been shown to be regulated by these miRNAs. These miRNA-gene interactions suggest important early molecular mechanisms by which MO programs fetal hepatic lipid metabolism. In addition, our study supports prior studies indicating that fetal exposure to MO in primates leads to hepatic lipid accumulation prior to birth. Future studies are required in MO post-natal offspring to determine the extent to which the fetal phenotype persists, and the degree to which this increases the offspring's risk of cardiometabolic disorders in later life.
Translational perspective
Maternal obesity (MO) has adverse effects on offspring development, predisposing to chronic disease including metabolic and cardiovascular disease (CVD) (Bouret et al. 2015) . Offspring of women with a high BMI die earlier of CVD than offspring of women with normal BMI (Godfrey et al. 2017) . Programming of offspring liver disease by MO (Mouralidarane et al. 2015 ) is a major health concern given the epidemic of obesity among women of reproductive age. Most studies are in rodents, whose maternal nutritional burden and offspring early life development differ greatly from humans (Rabadán-Diehl & Nathanielsz, 2013) . In our well-characterized obese pregnant baboon model, we hypothesized that fetal exposure to the MO intrauterine environment programs offspring metabolism. In MO fetuses we observed dysregulation of fetal hepatic genes central to metabolism and lipid accumulation with a trend towards hepatic steatosis. These findings provide information on epigenetic mechanisms underlying fetal metabolic programming by MO. Fetal liver development during MO programming is a central metabolic regulator, important for understanding effects of poor maternal nutrition on offspring life course health (McCurdy et al. 2009; Heerwagen et al. 2013) . The baboon is a primate, sharing many human physiological and molecular characteristics, making it a strong model for translation to humans. Our results indicate important molecular mechanisms linking early life exposures and health outcomes to assist identification of genetic and epigenetic mechanisms that regulate hepatic metabolism and inflammation. Further postnatal studies will determine the extent to which the altered fetal phenotype persists and progresses, contributing to offspring risk of chronic later life disease.
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